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Abstract 
Cricetomys gambianus are rodents living in savanna nd follow area. They can live with restricted rinking water eating fresh food. 
Therefore their kidney may have some adaptive mechanisms for ion/water homeostasis compared to usual laboratory rats. In this study 
we have looked for calbindin, an intracellular calcium binding protein previously found in distal convoluted tubules from all mammalian 
species that have been studied and able to increase, in vitro, Ca 2+ reabsorption. We have shown by using in situ hybridization, 
immunoblotting and immunohistochemistry that calbindin was expressed in three different portions of the distal nephron of the African 
giant rat. Calbindin was found in distal convoluted tubules, in cortical collecting tubules and in outer medullary collecting ducts. By 
contrast, in laboratory rat, calbindin was only found in distal convoluted tubules and undetectable in medullary collecting ducts. Thick 
ascending limb of Henle's loop were calbindin negative as shown by double immunolabelling using anti-uromucoid (Tamm-Horsfall 
protein). As previously shown in laboratory rat and rabbit, transcellular Ca 2÷ movement seems to be facilitated by calbindin in renal 
tubules segments predominantly actively transporting Ca 2+, it may be suggested that in African giant rat, outer medullary collecting ducts 
may also actively transport Ca :'-+. As calretinin, another intracellular calcium binding protein highly homologous to calbindin but whose 
function is still conjectural has been suspected to be expressed in kidney, we have looked and not found any calretinin in both adult rat 
species. 
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1. Introduction 
Calbindin D28k and calretinin are homologous (58% 
amino-acid identity) EF band calcium binding proteins 
belonging to the calmodulin/troponin C superfamily. Cal- 
bindin D28k was first reported in chick duodenum [1] 
where its expression is regulated by vitamin D. Besides 
binding calcium, its function is still conjectural, calbindin 
D28k has been proposed to have a role of calcium buffer 
in neurones [2-4] and in transport of calcium in kidney 
and intestine [1,5]. The first indication of the existence of 
calretinin came from in vitro translation and Western blot 
analysis of rat brain [6]. This protein was later character- 
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ized by Rogers in chick retina [7] and its function is 
currently unknown. Calbindin D28k was described in many 
locations [8], such as kidney [9], brain [10,11], retina [12], 
pancreas [13] of different species. Calretinin was essen- 
tially described in neurones from the central nervous sys- 
tem [6,14], including the retina [7,12] and the pineal gland 
[15-17] and recently its presence was suspected in devel- 
oping chick kidney [18]. 
African giant rat (Cricetomys) are nocturnal omnivores 
rodents whose physiological and morphological character- 
istics are poorly known. They live in savanna nd follow 
area. In adult, its weight varies from 1.2 to 2.0 kg. In 
captivity, cannibalism and coprophagy are sometimes ob- 
served [19]. Female Cricetomys can give birth four times a 
year and have up to four offspring (Moutairou K., personal 
communication). This animal can live with very little 
drinking water eating fresh food (green fodder and palm 
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nuts). Based on these behavioural characteristics it may be 
hypothesised that African giant rat should have some 
differences in their ion/water homeostasis compared to rat 
laboratory which are provided with food and drinking 
water ad libitum. Therefore we decided to look at cal- 
bindin, a protein suspected to play a role in active Ca 2÷ 
reabsorption i the kidney [20]. Calbindin has been found 
in distal convoluted tubules (DCT) from all mammalian 
species that have been studied including rabbits, rats, mice, 
pigs, monkeys, baboons and human [21] with, however, 
some differences. In the rat kidney, calbindin is present in 
all distal convoluted tubules, in most connecting tubules 
(which are difficult to discriminate from DCT) and in very 
rare collecting ducts (CCD) in the superficial cortex [22] 
and absent in medullary collecting ducts (MCD). In the 
distal nephron, Ca 2+ absorption occurs transcellularly and 
actively [23] and determines the fine tuning of Ca 2÷ 
excretion to urine [24]. The involvement of all distal 
segments in calcium reabsorption is now well documented, 
although the cellular mechanisms remain to be clarified. 
Influx of calcium into cells requires the participation of 
facilitating proteins to overcome the large electrostatic 
energy necessary to remove anion from the aqueous phase 
[25]. In addition to calcium channels proteins, other cal- 
cium-transporting proteins seems necessary to mediate 
transcellular Ca z ÷ transport [23]. Calbindin has been shown 
to accelerate diffusion of Ca z+ through the cytosolic om- 
partment in epithelial cells from intestine [26] and kidney 
[27]. We will show that calbindin was also expressed in 
collecting tubules from the outer medulla of African giant 
rat. 
2. Material and methods 
2.1. Tissues 
Six adult Cricetomys gambianus rats were obtained 
from Brnin (West Africa) and deeply anaesthetized using 
overdoses of Nembutal. Adult (2-3 months) laboratory 
rats were of Wistar strains and obtained from Iffa Credo. 
For in situ hybridization experiments, kidneys were 
removed and immediately frozen and stored at -80°C 
until cryostat sectioning. Sections (6 /zm) were placed 
onto ribonuclease-free (sulfochromic-treated) silane-coated 
glass slides and fixed for 5 min at 4°C with 4% para-for- 
maldehyde in 0.1 M phosphate-buffered saline (PBS, pH 
7.4) containing 5 mM magnesium chloride and 15 mM 
vanadyl sulfate, dehydrated in increasing ethanol concen- 
trations, air dried and kept frozen (-20°C). 
For immunohistochemistry, issues were dissected and 
fixed in Helly's fixative (68 mM potassium dichromate, 70 
mM sodium sulfate, 180 mM HgCI 2, and 4% formal- 
dehyde). Fixed tissues were routinely dehydrated, embed- 
ded in paraffin, and sectioned at 5 /zm or 6 /xm. 
2.2. In situ hybridization 
2.2.1. Riboprobes 
oL-Riboprobefor calretinin: The plasmid pBSCretES240 
was prepared by inserting a EcoRI-Sau3A restriction frag- 
ment (corresponding to positions 31 to 273 of human 
calretinin [28] into pBS M13 + vector (Stratagene). Anti- 
sense (hybridizing) or sense (negative control) probes were 
obtained after in vitro transcription of either EcoRI- or 
PstI-cleaved pBSCretES240 using, respectively, T3 or T7 
RNA polymerase (Stratagene) with 5 /xM uridine 5'[c~- 
32 P]triphosphate (800 Ci/mmol, Amersham). 
[3-Riboprobe for calbindin: the plasmid pBS-HBSC21- 
280 was prepared by inserting a EcoRI-BgllI restriction 
fragment (corresponding to positions 78-334 of human 
calbindin cDNA [29]) into pBS M13 + vector (Stratagene, 
La Jolla, CA, USA). Antisense and sense probes were 
obtained after in vitro transcription of either BgllI- or 
EcoRI-cleaved pBS-HBSC21-280 using, respectively, T7 
or T3 RNA polymerase (Stratagene) with uridine 5'(c~- 
B2 P)triphosphate asdescribed for calretinin riboprobe. 
2.2.2. In situ hybridization procedure 
As control, some kidney sections were submitted prior 
to hybridization toribonuclease treatment RNase A (Sigma) 
(100 /xg/ml in 10 mM Tris (pH 8.0), 0.5 M NaCI for 30 
min at 37°C), subsequently washed out by identical treat- 
ment without RNase in the presence of 100 jzg/ml 
brewer's yeast tRNA (Boehringer-Mannheim Diagnostics) 
and post-fixed for 3 min at room temperature, with 4% 
para-formaldehyde as described in Section 2.1. In situ 
hybridization technique was essentially similar to the pro- 
cedure detailed elsewhere [30]. Briefly, antisense, or sense, 
calretinin B2p RNA probes (109 dpm//xg, (1-1.5).106 
cpm/section) were lyophilized before use and added to the 
following mixture: 50% formamide (Fluka), 2 X SSC (1 X 
SSC = 0.15 M NaC1/0.015 M sodium citrate (pH 7.4), 
1 X Denhardt's solution (0.02% each of poly(vinyl 
pyrrolidone), bovine serum albumin and Ficoll), 1 U//zl  
ribonuclease inhibitor (Boehringer-Mannheim Diagnostics), 
5 mM dithiothreitol (Aldrich), 10% dextran sulfate (Sigma), 
100 /xg/ml Escherichia coli tRNA (Boehringer-Man- 
nheim, RNase free), 25 /zg/ml sonicated salmon sperm 
DNA denatured before use (Sigma), 0.01 mM uridine 
5'-triphosphate. The hybridization mixture (18 /zl/section) 
was incubated overnight at 59-61°C on sections overlaid 
for protection with plastic coverslips (Thermanox, 13 mm 
diameter) sealed up with rubber cement. After hybridiza- 
tion, sections were rinsed in 2 X SSC and treated with a 
low concentration of ribonuclease, making allowance for 
the heterologous probe (calbindin and calretinin human 
probes vs. rat kidney sections) (RNase A (Sigma), 0.5-1 
/xg/ml in 10 mM Tris (pH 8.0)), 0.5 M NaC1 for 30 min 
at 37°C and washed out as described above). Sections were 
then rinsed in 50% formamide in 0.25 X SSC, 4 X 30 min 
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at room temperature and once at 45°C, lastly in 0.5 × SSC 
without formamide, dehydrated in 70% and 94% ethanol 
containing 300 mM ammonium acetate, coated with gelatin, 
exposed (15-20 days at 4°C) for autoradiography, using 
NTB 3 emulsion (Kodak) diluted 1:1 with a 300 mM 
ammonium acetate, 2% glycerin solution, developed with 
D19 (Kodak), fixed with Hypam (Ilford) and stained with 
hemalun-eosin. 
2.3. Antibodies 
Rabbit antiserum raised against chick duodenal cal- 
bindin D28k was prepared as described [31] and routinely 
used at 1/5000 dilution. Rabbit anti-calretinin was ob- 
tained from Swant (Belinzona) and used at 1/1000 dilu- 
tion. Specificities of both antibodies have been previously 
studied in rat by us [12,32,33] and others [34]. Sheep 
anti-human uromucoid (Tamm-Horsfall glycoprotein) was 
obtained from Biodesign International nd used at 1/1000 
dilution. 
2.4. Irnmunohistochemical staining 
Routinely dewaxed and hydrated sections were pro- 
cessed for immunohistochemistry according to 
peroxidase-antiperoxidase (PAP) procedure modified from 
Vacca et al. [35]. Serum dilutions were prepared in Coons 
veronal-buffered saline (CVBS: 10 mM 5,5-diethylbarbi- 
turic acid sodium salt (sodium veronal), pH 7.2, 150 mM 
NaC1) supplemented with 1% (v/v) normal sheep serum 
or normal rabbit serum (for anti-uromucoid). The immuno- 
staining sequence comprised the following steps: (i) rinse 
in CVBS; (ii) preincubation (10 min) in 5% (v/v) normal 
sheep (or rabbit) serum; (rio incubation with rabbit poly- 
clonal antibodies for 48 h at 4°C in a moist chamber; (iv) 
rinse in CVBS; (v) incubation (10 min) in 5% (v/v) 
normal sheep (rabbit) serum; (vi) incubation (10 min) with 
sheep anti-rabbit (or rabbit anti-sheep) immunoglobulin G 
(IgG) serum (1/100 dilution) (Laboratoire d'Hormonolo- 
gie et Immunologie, Marloie, Belgium); (vii) incubation 
(10 min) with soluble rabbit (sheep) PAP complex 1/300 
dilution (Dako, Denmark). Between each step, sections 
were thoroughly rinsed for 10 min in CVBS. After the last 
rinse, staining was perfornaed in 32 mM citrate buffer (pH 
6.2) containing 16 mM 3,3-diaminobenzidine-HC1 (DAB; 
Sigma, St. Louis, MO) and 0.01 M H202. Each of these 
steps was performed at room temperature, xcept for step 
3, which was performed at 4°C. For double immuno- 
staining, the first antibody (anti-uromucoid) was revealed 
using DAB (brown staining), followed by incubation with 
the second antibody (anti-calbindin) which was revealed 
using DAB incubated with Tris-Nickel (dark-blue staining). 
Controls were made to verify that no cross reactivity 
occurs between rabbit anti-calbindin and sheep anti- 
uromucoid (not shown). 
2.5. Western blot 
For immunoblot, tissues were homogenized with a teflon 
glass homogenizer (10 strokes/min and in a total volume 
of 2.5 ml) at 4°C in 50 mM Tris-HCl buffer (pH 7.5), 
containing 1000 U/ml trasylol (Bayer, Leverkusen, Ger- 
many). After a short centrifugation (15 min; 20000 × g), 
the homogenate supernatant was frozen at 80°C until use. 
Proteins from the homogenate supernatants and heated 
(85°C) supernatants (50000 × g; 60 min) samples were 
spectroscopically quantitated at 562 nm using the bicin- 
choninic acid protein assay reagent system (Pierce, Rock- 
ford, IL) as described [36] and electrophoretically trans- 
ferred onto nitrocellulose for 5 h, 0.9 A, 30 V as described 
previously [6,37]. Nitrocellulose sheets were then saturated 
in a mixture containing 5% (w/v) non-fat dried milk with 
0.01% antifoam A (Sigma) and 0.0001% thimerosal 
(Sigma) in CVBS [38]. The nitrocellulose was soaked 15 
min in 5% (v/v) normal sheep serum and incubated 48 h 
at 4°C with either anti-calbindin D28k (1/6000 dilution) 
or anti-calretinin (1/1000 dilution). After rinsing, the 
nitrocellulose was soaked 15 min in 5% (v/v) normal 
sheep serum, incubated 15 min in sheep anti-rabbit IgG at 
1/100 dilution, incubated 20 min with rabbit PAP com- 
plex (1/1200 dilution), then rinsed twice in CVBS con- 
taining 0.2% Triton X-100 (Sigma). Staining was per- 
formed as described in immunohistochemical st ining. The 
relative area of each band was calculated using a Shi- 
madzu TLC-Scanner. 
3. Results 
3.1. In situ hybridization (Figs. 1 and 2) 
Distal convoluted tubules which can be recognized by 
their lack of eosine staining were strongly positive for 
calbindin mRNA (Fig. 1 a). In contrast, no calretinin mRNA 
could be detected in any part of the kidney (Fig. lb). Sense 
calbindin riboprobe did not hybridize (Fig. lc). In the 
outer medulla of the African giant rat many collecting 
tubules were positive for calbindin mRNA (Fig. 2a), pre- 
treatment with RNAse suppressed the labelling (Fig. 2b). 
3.2. Western blot (Fig. 3) 
The presence of one band detected by anti-calbindin 
and co-migrating with calbindin electrophoresed from Wis- 
tar rat kidney and cerebellum demonstrated the presence of 
true calbindin in African giant rat kidney. Moreover, the 
higher intensity of the band in Cricetomys kidney ho- 
mogenates indicated than Cricetomys kidney expressed 
more calbindin than Wistar kidney (Fig. 3a). Western blot 
using anti-calretinin showed that no calretinin could be 
detected in kidney but that some cross-reactivity exists 
between calbindin and anti-calretinin (Fig. 3b). 
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3.3. lmmunohistochemistry (Figs. 4 and 5) 
In the cortex part, calbindin is highly concentrated in
epithelial cells from distal convoluted tubules from both 
Wistar rat and Cricetomys (Fig. 4a and c). In Cricetomys 
calbindin was also detected in cortical collecting ducts 
situated in medullary ray, in connecting tubules (Fig. 4a) 
and in the collecting ducts from the outer strip of the outer 
medulla (Fig. 4b). Besides the cytoplasm some nuclei were 
Fig. 2. In situ hybridization of kidney (outer medullary part) from rat 
Cricetomys gambianus with human antisense calbindin 32 P-labelled ribo- 
probe on normal sections (a, bright field) and on sections treated with 
ribonuclease b fore in situ hybridization (b). Some medullary tubules ( * ) 
contain calbindin mRNA. Scale bar = 10 /zm. 
also stained. Calretinin could not be detected in Criceto- 
mys kidney. The weakly positive cells detected (not shown) 
was due to some cross-reactivity between anti-calretinin 
and calbindin as demonstrated by in situ hybridization and 
Western blot. Double labelling using anti-Tamm-Horsfall 
protein, a surface membrane glycoprotein of the cells of 
the ascending thick limb of Henle's loop [39] enabled us to 
visualize the thick ascending limb of Henle's loop which 
were calbindin negative (Fig. 5a,b and c). 
Fig. 1. In situ hybridization fcortical kidney sections from rat Criceto- 
rays gambianus with human calbindin or calretinin 32 P-labelled cRNA 
probes. (a) Antisense hybridizing calbindin riboprobe, (b) antisense hy- 
bridizing calretinin riboprobe, (c) sense unhybridizing riboprobe. Distal 
convoluted tubules (see arrows) accumulate calbindin mRNA and no 
calretinin mRNA. Scale bar = I0 /~m. 
4. Discussion 
African giant rat, a rodent species barely studied, pre- 
sents the behavioural capability of escaping drinking wa- 
ter, this should have some consequences on their kidney 
physiology. In order to detect any differences with 'nor- 
mal' adult rat kidney we looked at one Ca2+-acceptor 
suspected to play a role in renal Ca 2÷ reabsorption [8,18]. 
In rat, calbindin has been localized in all distal convoluted 
tubules and in some connecting tubules [22,40-42] but was 
not found in thick ascending tubules of Henle's loop. 
We have found that, in African giant rat, calbindin and 
its transcripts were expressed in different sections of the 
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Fig. 3. Calbindin D28k and calretinin immunoblots on Cricetomys and Wistar rat samples. Panel A: anti-calbindin D28k. Panel B: anti-calretinin. In each 
panel, lane 1 and 2: Wistar rat kidney homogenate (30/zg protein), lane 3 and 4: Cricetomys kidney homogenate (20/xg protein), lane 5: supernatant from 
85°C heated Cricetomys kidney hemogenate (20/~g protein), lane 6: same as lane 5 but 60 /.~g protein were loaded, lane 7: Wistar rat cerebellum (30 ~g 
protein), lane 8: Cricetomys cerebellum (30 Ixg protein). The horizontal arrows on the left represent the positions of ~4 C-methylated molecular mass 
standards, from top to bottom: 97.4 kDa, 69 kDa, 46 kDa, 30 kDa, 14.3 kDa. 
distal nephron including the distal convoluted tubules 
(DCT), the connecting tubules (CNT), the cortical collect- 
ing ducts (CCD) and the outer medulla collecting ducts 
(MCD). By opposition, no calretinin nor its transcripts 
were detected in any segments of the nephron from both 
species. 
Because of the hypothesis that calbindin facilitates Ca 2+ 
diffusion through the cytosolic compartment, we believe it 
is of interest o compare briefly what is known about Ca 2÷ 
absorption along the distal tubule with the presence of 
calbindin. Data were taken from 2 recent reviews dis- 
cussing kidney Ca 2÷ transport [24,43] in mature animals 
(who are in calcium balance). Measurements of calcium 
concentrations in Bowman's space indicate that 1.4 mM, 
or 55-66%, of the plasma calcium is filtered at the 
glomerulus. Calcium that is filtered is extensively absorbed 
as it passes through the nephron and less than 1% of the 
filtered calcium is excreted in the void urine. The majority 
of the calcium is recovered in proximal convoluted and 
straight nephron segments.. However, it is in the more 
distal nephron segments that the fine calcium recovery is 
exerted. 20% of the calcium initially filtered at the 
glomerulus is absorbed in Henle's loop. Under resting 
conditions, passive paracellular calcium absorption largely 
dominates in this section from which calbindin is absent. 
Distal convoluted tubules absorb 10% of the filtered cal- 
cium essentially under active transcellular t ansport and do 
contain calbindin. This active transcellular absorption is 
regulated by PTH, calcitonin and 1,25(OH)2D 3, while 
passive calcium permeability is low in DCT. Interestingly 
it has been shown that in rabbit DCT and CCD, 
1,25(OH)2D 3 causes transcellular Ca 2÷ reabsorption and 
concomitantly increases calbindin content [27] but the 
mechanism explaining the exact role played by calbindin is 
not known. However, we will introduce here a model 
previously presented [44] for vitamin-D-dependent Ca 2+ 
transport which is based on observations of the intestinal 
Ca 2÷ absorption process and may be transposed in distal 
tubules. At the apical membrane, 1,25(OH)2D 3 causes a 
rapid opening of Ca 2+ channels and transport Ca 2+ into 
the cell in a matter of seconds to minutes by a process that 
is independent of gene transcription. Inside the cell, 
1,25(OH)2D 3stimulates calbindin synthesis. Calbindin has 
a greater affinity for Ca 2÷ than do the apical membrane, so 
Ca 2+ movement through the cytosol is facilitated and at 
the basal membrane, 1,25(OH)2D 3 causes an increase in 
the concentration of plasma membrane Ca 2 ÷ pump which 
has a greater affinity for Ca 2+ than calbindin. The combi- 
nation of these events results in active transport of Ca 2+ 
across the epithelial cells. The cortical collecting tubules 
(CCD) absorb actively between 3 to 10% of the filtered 
calcium. The presence of calbindin in CCD is species 
dependent and is rare in rat but abundant in rabbit [22] and 
modestly expressed in African giant rats. Calcium trans- 
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port continues in the medullary collecting ducts although 
this portion of the nephron has been less studied. Calbindin 
is absent in the medullary collecting ducts from all species 
investigated except in monkey (Macacca f scicularis)[45] 
and in African giant rats as shown in this paper. As the 
renal medulla is the site where urine concentration takes 
place, desert-adapted species with the highest concentrat- 
ing ability were often chosen and compared to various 
laboratory animals, because it was thought hat the mecha- 
nism of urine concentration would be easier to understand 
in these extreme cases. Unfortunately, as it was described 
Ak 
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Fig. 5. Double immunohistochemistry of Cricetomys kidney using anti- 
calbindin D28k (dark labelling) and anti-uromucoid (light labelling). (a) 
and (b) are in the cortical part and (c) in the outer medulla. Thick 
ascending limb of Henle's loop are uromucoid positive (*), whereas 
cortical collecting ducts (arrow and O)  and collecting ducts from the 
outer medulla (O) are calbindin immunoreactive. Scale bar = 10 /~m. 
Fig. 4. Immunohistochemistry of kidney using anti-calbindin D28k. (a) 
and (b): Cricetomys kidney, (a) cortex in which weakly stained tubules 
are cortical collecting ducts, situated in a medullary ray (arrowhead), the 
inhomogeneously but heavily stained segments are connecting tubules 
(double arrowhead) and the homogeneously stained segments are distal 
convoluted tubules (arrow), * = glomerulus, (b) outer medullar strip of 
the outer medulla in which many collecting ducts are calbindin im- 
munoreactive, intercalated cells are calbindin negative (c) Wistar rat 
kidney in which distal convoluted tubes are calbindin immun0reactive. 
Scale bar = 36 /zm. 
in an editorial review [46] it appeared ifficult to build a 
coherent picture using comparative anatomy. However, 
recent data from molecular biology allow to further specu- 
late and to suggest new research track. Indeed, Ecelbarger 
et al. [47] demonstrated that the V 2 receptor for vaso- 
pressin, localized in the collecting duct was able to trigger 
a transient increase of Ca 2÷. Furthermore, in the rat kid- 
ney, there is evidence supporting the presence of water 
channels (aquaporin-CD) vasopressin-dependent at the api- 
cal membrane of collecting ducts segments [48]. Therefore 
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it would be of interest o compare the Ca 2 + mobilization 
induced by vasopressin collecting ducts from laboratory 
rats and African giant rats. 
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